INTRODUCTION
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The rd1 mouse is an animal model of retinitis pigmentosa, a disease that affects nearly one in 4 0 four thousand, leading to degeneration of photoreceptors and eventual blindness of affected 2 3 8 "string-like" pattern that radiates throughout the cell, which is reminiscent of mitochondrial 2 3 9 localization. A specific and structurally distinct sub-region of the smooth ER is known to make 2 4 0 contact with the mitochondria. This region of the ER only partially co-localizes with the reticular 2 4 1 ER, and is distinct in its close apposition to the mitochondria (Goetz et al., 2007) . Double 2 4 2 labeling with PRA1 and MitoTracker, a mitochondrial marker, shows that PRA1 co-localizes 2 4 3 extensively with mitochondria in NIH3T3 cells (Fig. 2D ). This co-localization is not one-to-one 2 4 4 in nature; it is evident that flanking regions of PRA1 immunoreactivity within these string-like 2 4 5 domains does not completely lie at the interface with the mitochondria. This phenotype was 2 4 6 confirmed using a second commercially available polyclonal antibody made against the full 2 4 7 length protein (Proteintech), which also shows that PRA1 co-localizes with mitochondria in 2 4 8 NIH3T3 cells (Fig. S2 ). The 3F3A antibody to Gp78/AMFR has previously been found to label a subpopulation of this 2 5 1 protein that is localized to the smooth ER tubules that lie at the interface with the mitochondria 2 5 2 (Goetz et al., 2007; Nabi et al., 1990) . Co-localization of Gp78/AMFR (3F3A) and PRA1 further 2 5 3 confirms that a subpopulation of PRA1 resides at ER-mitochondria membrane contact sites (Fig. 2 5 4 2E). Together, this data demonstrates that endogenous PRA1 localization extends beyond the 2 5 5
Golgi in both photoreceptors and NIH3T3 cells. Specifically, within NIH3T3 cells, a sub-2 5 6 population of endogenous PRA1 localizes to ER-mitochondria membrane contact sites. Previously, it has been demonstrated that the short cytosolic C-terminal region contains a di-2 6 8 acidic motif that facilitates ER exit and delivery to the Golgi (Abdul-Ghani et al., 2001; Hutt et 2 6 9 al., 2000; Liang and Li, 2000; Otte et al., 2001) . Furthermore, the C-terminal valine is known to 2 7 0 be important for dimerization of PRA1, which is also required for ER exit (Liang et al., 2004 ).
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Deletion of the cytosolic C-terminal region leads to ER retention, suggesting that the ER 2 7 2 localization we observed is mediated by amino acid sequence information on the 78 amino acid 2 7 3 long cytosolic N-terminal region, which has not been extensively studied (Liang and Li, 2000) . To screen for the possible existence of ER retention motifs on the PRA1 N-terminal domain, we 2 7 6 used an ELISA-based cell surface assay approach. Targeted mutation of amino acid sequences 2 7 7 responsible for retention to the ER should lead to an increase in the cell surface localization of 2 7 8 PRA1 truncation constructs, as these mutants will be pushed out to the plasma membrane at a 2 7 9 higher rate. To acquire an epitope that becomes extracellular and detectable upon PRA1 cell 2 8 0 surface localization, we fused the PRA1 1-131 construct to the Snorkel-Tag (Fig. 3C ), a single pass 2 8 1 transmembrane protein designed as a tool to survey cell surface localization for membrane 2 8 2 proteins that have a cytosolic C-terminus (Brown et al., 2013) . We specifically used the PRA1 1-2 8 3 131 construct because it does not have the required Golgi targeting sequences that lie on the 2 8 4 cytosolic C-terminal domain; furthermore, this truncation construct has previously been shown to 2 8 5 reside within the ER by default (Liang and Li, 2000) . We have also found that regions within 2 8 6 both PRA1 transmembrane domains play an important role in facilitating Golgi delivery and 2 8 7 retention (unpublished data). By omitting the HD2 domain and the cytosolic C-terminal region, 2 8 8 the PRA1 1-131 truncation construct inherently disrupts this Golgi retention mechanism, which 2 8 9 allows for more efficient passage through the secretory pathway to the cell surface without 2 9 0 changing the topology of the HD1 domain or modifying cytosolic N-terminal region trafficking 2 9 1 motif distance from the membrane. Thus, this de-coupling strategy further optimizes the cell 2 9 2 surface assay and allows for better output resolution without introducing other confounding 2 9 3 variables.
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Examination of the PRA1 cytosolic N-terminal amino acid sequence shows that there is one 2 9 6 potential di-arginine ER retention motif that is both highly conserved, and lies within a 2 9 7 functional distance from the membrane ( Figure 3A ) (Schutze et al., 1994; Shikano and Li, 2003) .
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Upon mutation of the sequence to alanine (R37,38,39A), we observed an increase in cell surface 2 9 9 localization ( Figure 3D -E). After further examination of the N-terminal amino acid sequence, we 3 0 0 identified a highly conserved string of residues that comprise a potential FFAT-like motif 3 0 1 preceding the first predicted membrane insertion site ( Fig. 3A) . Although the FFAT motif was 3 0 2 initially described as two phenylalanines (FF) in an Acidic Tract, strong deviations from this 
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Double mutation of both of these ER retention/retrieval sequences (R37,38,39A/72-78Δ) led to 3 5 1 the loss of much of the reticular pattern ( Fig. 4D ). This construct is distributed diffusely , 2011; Liang and Li, 2000; Liu et al., 2006) . We have confirmed these observations by co-3 6 2 expressing GFP-PRA1 and the Golgi marker MannII-mCherry ( Fig. 5A ). In order to determine 3 6 3 whether addition of GFP to the PRA1 C-terminus leads to a similar localization phenotype, we 3 6 4 expressed PRA1-GFP and found that this construct displays a reticular localization pattern that 3 6 5 strongly co-localizes with the mCherry-Sec61b ER marker ( Fig. 5B ). , 2011; Liu et al., 2006) . This suggests that the size of the GFP tag is not the source of the 3 7 0 differential trafficking observed here. Addition of the Snorkel-Tag to the C-terminus of PRA1 3 7 1 produced the same reticular pattern observed for PRA1-GFP constructs (Fig. 5C ). Since the 3 7 2
Snorkel-Tag is designed to have an epitope within the lumen, this suggests that a C-terminal In the rd1 mouse model of retinitis pigmentosa, photoreceptors degenerate during maturation, 3 9 2 prior to the development of the outer segment. To better understand the degenerative process, we 3 9 3 examined changes in gene expression prior to observable cell death at postnatal day 10. We 3 9 4 found that PRA1 is significantly down-regulated in the rd1 retina prior to the onset of , 2005) . We found that although the di-arginine motif is not conserved in homologs within 4 2 9 yeast and Arabidopsis, the FFAT-like motif is ( Fig. 6A ), suggesting that the ER localization that 4 3 0 has been previously observed in both these organisms is mediated by this motif. Sequence 4 3 1 alignment shows that the FFAT-like motif, but not the di-arginine motif, is also conserved in 4 3 2 both PRAF2 and PRAF3 (Fig. 3B) , which have been found to be ER residents (Doly et al., 2016;  4 3 3 Ruggiero et al., 2008) . This suggests that the FFAT-like motif described here drives ER retention 4 3 4 of all three members of the prenylated rab acceptor family. With the motifs identified in this 4 3 5 study, we update the model that describes PRA1 trafficking (Fig. 6B) . The amino acid sequences 4 3 6 that facilitate ER exit and Golgi delivery are on the PRA1 C-terminal region and the motifs that Using an antibody specific for the N-terminal region, we found that the largest subpopulation of 4 4 0 PRA1 resides at ER-mitochondria membrane contact sites in NIH3T3 cells (Fig. 2) . This Although previous studies have associated PRA1 with Rab GTPase trafficking within the 4 5 3 secretory pathway, the first established links were based on yeast two-hybrid screens that did not 4 5 4 take into account the fact that PRA1 is a transmembrane protein (Bucci et al., 1999; Calero and 4 5 5 Collins, 2002; Janoueix-Lerosey et al., 1995; Martincic et al., 1997) . Many of the studies that 4 5 6 suggest PRA1 is a regulator of Rab GTPase trafficking are highly reliant on in-vitro data (Hutt et 4 5 7 al., 2000; Ohya et al., 2009; Sivars et al., 2003) . Subsequent in-vivo studies in both yeast and 4 5 8 mammalian cells failed to produce any changes in wild type Rab GTPase localization after 4 5 9 knock-out/knock-down of PRA1 (Cabrera and Ungermann, 2013; Geng et al., 2005; Voss et al., 4 6 0 2019). PRA1 association with Rab GTPases appears remarkably promiscuous and extends to 4 6 1 other prenylated proteins, including other members of the Ras superfamily (Bucci et al., 1999;  4 6 2 Calero and Collins, 2002; Figueroa et al., 2001) . The simple addition of a CAAX box to the C-4 6 3 terminus of free GFP leads to its interaction with PRA1, suggesting that the link between many 4 6 4 lipidated proteins and PRA1 may hinge on the lipid tail itself rather than the primary amino acid 4 6 5 sequence of potential binding partners (Figueroa et al., 2001) . Pulldown of PRA1 from both 4 6 6 mammalian cells and yeast leads to co-immunoprecipitation of mostly ER localized proteins and 4 6 7 fails to show that PRA1 associates with Rab GTPases (Geng et al., 2005; Huttlin et al., 2015) .
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Our split-ubiquitin yeast two-hybrid screen also failed to show that PRA1 interacts with Rab proteins that contain a FFAT motif have been linked to lipid transport (Wong et al., 2019) . Lipid 4 8 0 transfer proteins that contain FFAT motifs have been found to tether at ER membrane contact 4 8 1 sites with the plasma membrane, peroxisomes, Golgi, and endosomes (Levine, 2004) . Lipids are 4 8 2 also transferred between the ER and mitochondria, but the identification of candidate proteins 4 8 3 that facilitate lipid transfer at these contact sites has proven to be challenging (Wu et al., 2018) .
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Our finding that PRA1 resides at ER-mitochondria membrane contact sites and has a highly The lack of in-vivo evidence that PRA1 functions as a regulator of Rab GTPase trafficking, its 4 8 9
promiscuous association with proteins that are lipidated, its localization to the ER-mitochondria 4 9 0 membrane contact sites, and our identification of a FFAT-like motif on its cytosolic N-terminal 4 9 1 region support the hypothesis that PRA1 has a role in lipid trafficking and/or metabolism.
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Further studies are needed to identify and characterize lipid-binding capabilities and to screen for Baum, and Shiming Chen for helpful comments, suggestions, training, lab space, and reagents.
0 8
We would also like to thank Jack Kennell for his support and the Saint Louis University 5 0 9
Department of Biomedical Engineering for lab space accommodations. 
